The introduction of multiparameter high energy electron momentum spectroscopy (EMS) spectrometers, with high energy and momentum resolution and coincidence count rates, has made it possible to obtain detailed information on the electronic structure of condensed matter and surfaces. In particular it gives direct information on the spectral-momentum density of the material under study, which may be a single crystal, polycrystalline, or amorphous. The first such spectrometer, the Flinders University spectrometer, uses asymmetric kinematics in the measurement of the energies and momenta of the two outgoing electrons in the (e,2e) collision. The new ANU spectrometer uses symmetric kinematics and much higher energies. It is therefore less affected by deleterious multiple-scattering events. On the other hand the Flinders spectrometer is surface sensitive, whereas the ANU spectrometer is more bulk sensitive. Some aspects of EMS measurements of condensed-matter specimens and the performance of the two spectrometers are discussed.
Introduction
momentum density of the target specimen. The energy The energy-momentum densities of electrons in e 5 E 2 E 2 E ,
i 0 s f atoms, molecules and solids can be directly measured using kinematically complete ionisation reand momentum actions initiated by electron beam, i.e. (e,2e) colli- . At high enough energies and momentum transfer the (e,2e) differencorrespond to the binding energy e and momentum i tial cross section, as a function of the difference q 5 2 p of the struck electron. The subscripts 0, s, between initial and total final electron momenta and and f label the energies E and momenta k of the energies, is proportional to the electron energyincident, and slow and fast outgoing electrons, respectively. The momentum transferred by the fast (often called the 'scattered') electron *Corresponding author. Tel.: 161-2-6249-2476; fax: 161-2-
0 f 6249-5457. E-mail address: director.rspse@anu.edu.au (E. Weigold).
must also be large to ensure a clean knockout of the electron (the binary-encounter approximation). The aged [1, 2] . The latter is well approximated by kinematic variables that are measured for electron calculating the spectral function at the target state momentum spectroscopy (EMS) are normally reequilibrium nuclear positions [4] . A crystal may be stricted to be near the Bethe ridge where considered as a large molecule that cannot rotate, vibrational excitations (phonons) are again not re-
s solved. The geometry that ensures K and E are maximised
The structure amplitude kqiu0l in Eq. (8) uk 2 k u uk 2 k u u k 2 k u channel. In the binary-encounter approximation T 0 f 0 s 0 f depends on the coordinates of only the projectile and h 5 1/uk 2 k u .
f s ejected electrons. The structure amplitude in Eq. (6) This expression reduces to the Born Approximation then factorises in the impulse approximation, and the if the Coulomb parameter h is negligible. The differential cross section is given as the product of an 24 dependence of the cross section on K can be seen electron-electron collision factor f and a structure ee as arising from the electron-electron collision factor, factor and so large K corresponds to small cross sections.
In non-coplanar kinematics, all the terms in Eq. ( are constant except for very small variations in h, which are generally negligible. Thus, the (e,2e) cross where the energy-momentum spectral function is section (Eq. (7)) as a function of recoil momentum q given as the imaginary part of the one-particle and binding energy e is directly proportional to the Green's function spectral density A(q,e). This contains much more 1 2 information than just the band position in energy, ie. ] A(q,e) 5ukqiu0lu d(e 2 e ) 5 Im G(q,e) .
i p dispersion. The magnitude of A(q,e) is the probabiliHere the notation 0 and i are used for the initial and ty of the electron (or more generally the quasifinal electronic states. In the Born-Oppenheimer particle) having momentum q and energy e. The approximation the vibrational and rotational degrees width of the main quasi-particle peak in A(q,e) gives of freedom have been separated out, so that for a the quasi-particle lifetime at momentum q. sponding signal to background ratios, energy and sponds to that of a collision of the incident electron momentum resolution, and elastic and inelastic colliwith a free electron at rest (q 5 0, e 5 0), is in both sions by the incident and emitted electrons (known cases slightly less than 908 due to relativistic effects. as multiple scattering effects).
Through the use of two-dimensional position The energy resolution in (e,2e) measurements on sensitive detectors placed at the exit of the two solids has improved from around 150 eV in the electrostatic electron analysers, data is simultaneous-30-year-old 15 keV measurements of Amaldi et al.
ly acquired over a range of f , f and E , E [7, 9] . f s f s [6] to around 0.9 eV in the 20 keV multichannel In both cases under normal settings the measurespectrometer of the Flinders group [7, 8] and around ments give a slice of the spectral momentum density 1.5 eV for the new ANU 50 keV multichannel through zero momentum (a G point) along the y spectrometer [9] . Similarly the momentum resolution direction. In the Flinders apparatus non-zero values has improved from around 1 au in the 9 keV of q and q can be chosen by rotating the slow are applied asymmetrically, so that one detector [12] on a similar sample of graphite which had measures electrons scattered over 44.38 1 d and the coincidence count rates of around 50 per minute with an energy resolution of 1 eV and momentum resolution of around 0.1 au. These advances have been made possible by multichannel detection methods, which are employed by the Flinders and ANU spectrometers. These spectrometers are somewhat complementary and their main features and performances will be compared in the following sections.
Kinematics
Both the Flinders and ANU spectrometers employ non-coplanar kinematics, that is for each polar angle setting at or near the Bethe ridge, the emitted electrons are detected over a range of azimuthal angles out of the scattering plane. In the Flinders spectrometer the arrangement is asymmetric with Fig. 1 . The non-coplanar kinematics of (a) the Flinders [7] with Dk the change of momentum of the incoming and outgoing electrons due to elastic scattering.
Multiple scattering effects
Since q is always directed along the y-axis, it is obs clear from Eq. (11) that electrons with q directed High incident energies and outgoing energies are away from the y-axis can contribute to the measured required for solid targets for a number of reasons.
events. Thus, target electron with different momenta Firstly they ensure that the momentum transfer is (and corresponding binding energy) contribute to the large and that the plane wave approximation (Eq. intensity at q [16] . At high energies the elastic obs (7)) is valid. In addition, and most importantly, they scattering can be well described by the Born approxiincrease the elastic and inelastic mean-free paths of mation, and the total elastic mean-free path is 21 the electrons and thus minimise the deterioration of
where N is the number of atoms per unit s d e the data due to multiple scattering events, which are volume in the solid and s is the total atomic elastic e present even with the use of extremely thin selfcross section. The momentum change Dq can be supporting targets [13] [14] [15] [16] .
estimated from the differential elastic cross section. The degree of multiple scattering is governed by These multiple scattering events are still cothe ratio t /l(E ), where t is the path length in the incident in time, and are part of the coincidence j j j sample for electron j 5 0, s, f and l is its mean free count rate. However, they obscure the system's path. t is related to the thickness T of the foil sample spectral momentum density and are thus detrimental j and the angle Q the electron j makes relative to to the measurement. j sample perpendicular [16] . There is both an elastic In the Flinders asymmetric spectrometer the domiand inelastic mean free paths to consider. nant contribution to multiple scattering effects are Inelastic scattering of a high energy electron in a due to the slow 1.2 keV electron. This essentially solid is dominated by plasmon excitation of energy limits the effective target thickness to 2-3 nm at the V . This involves energy loss by the electron and exit surface of the foil [8, 17] . Events taking place p hence the observed binding energy e is shifted to deeper within the target would result in the emitted obs larger values by the amount V . If the electron slow electron exciting several plasmons shifting the p suffers two inelastic collisions or two of the electrons coincidence event to much higher binding energies. suffer an inelastic collision the energy shift will be By the same token elastic scattering is more severe 2V . Since the plasmon energy spread can be quite for the deeper events. p broad and more than one type of plasmon can The surface sensitivity of the Flinders spectromecontribute, this leads to a tail to the measured ter can be further enhanced by ensuring that the slow intensity reflecting that density shifted in energy and electrons emerge at a large angle Q relative to the s broadened by the widths of the plasmons. The sample normal, increasing the path length t for an s i inelastic mean-free path l (E ) depends on the (e,2e) event taking place at a given distance from the j j plasmon energy (i.e. density of target electrons) and exit surface. Canney et al. [18] used this feature to is at these energies approximately proportional to E .
investigate the spectral density function of an alu-
Typically for 10 keV electrons l is of the order of minium surface undergoing oxidation, and Vos et al. 10 nm. The decrease of the inelastic scattering cross [19] to demonstrate adsorbate wave function mapsection and increase of the mean-free path with ping by EMS.
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increasing energy is graphically shown in Fig. 7 of Although the (e,2e) cross section goes as K , the Section 6, where the relative performance of the two 'true' signal from the high-energy non-coplanar spectrometers is discussed.
symmetric ANU spectrometer (K | 43 au) is very Elastic scattering on the other hand does not similar to that obtained with the Flinders spectrome-ter (K | 9 au) in part due to the very significant increase in escape depth of 25 keV electrons compared to 1.2 keV electrons. Most importantly multiple scattering effects are much reduced in the highenergy spectrometer.
Multiple scattering contributions to the data can be treated in two ways. The data can be deconvoluted using an algorithm such as that developed by Jones and Ritter [13] . This works best for the inelastic contributions. Alternatively one can add calculated multiple scattering contributions to a calculated spectral momentum density function, using for instance the Monte-Carlo method of Vos and Bothema [16] , and compare this with the raw data. The target should be a very thin (10-20 nm) freestanding membrane with a diameter of the order of 0.3 mm. The composition needs to be well known an annealing stage and an Auger system for characand for experiments in the asymmetric geometry it terising the surface. Targets can also be prepared in needs to have a clean exit surface.
this chamber by evaporation onto one surface of a Details of typical sample preparation are given by thin free-standing film (usually carbon). Argon ion Fang et al. [20] . The preparation and characterisation sputtering can also take place in this chamber. Ultra facilities are shown schematically in Fig. 2 . Samples high vacuum (UHV) conditions are maintained in are first thinned by cleaving and / or electrochemical the preparation chambers, the target samples being and chemical etching to a preliminary stage. Alterinserted using a load-lock system. Similarly, it is natively films such as those of various forms of possible to transfer the sample rapidly from one amorphous carbon can be simply prepared on a chamber to another under UHV conditions. surface which dissolves in solution (e.g. surfactant or A transmission electron diffraction facility, salt in water) and the floating films can then be lifted mounted on top of the EMS spectrometer can be off the surface by a suitable mount. These samples used to further characterise the sample. The target is can then be further thinned if desired by either mounted on a manipulator in the main spectrometer reactive ion (plasma) etching or etching by the ion chamber. As well as movement in the x, y and z beam facility, (b) and (c) in Fig. 2 . A laser interdirections, this manipulator allows rotation about the ferometer (d) can be used for monitoring the thickvertical ( y-axis) and the surface normal. The sample ness during the ion etching.
can be aligned along a crystal direction using the The target preparation and characterisation facility diffraction set up, and then transferred to the meaconsists of two vacuum chambers connected in series surement stage retaining this alignment. Thus, with the main collision chamber. The chamber momentum densities can be determined along chosen furthest from the collision chamber has a dual crystallographic directions. function. It serves as a chamber where reactive etch
With these facilities a range of high quality target gases can be used and where the etch gas pressure can be produced. Fig. 3 . include aluminium, fullerene, silicon, germanium
The layout of the ANU spectrometer is shown and copper. A 3 nm overlayer of the material is schematically as a horizontal cut through the apgenerally sufficient to attenuate the signal from the paratus in Fig. 4 . The target specimen is in a large carbon backing by several orders of magnitude. In hemisphere which is kept at 125 kV with respect to some cases such as copper, where 'islands' are ground. The electron gun cathode is kept at 2 25 kV formed on evaporation onto the backing, the characplus an additional negative offset voltage to allow for teristic carbon energy-momentum density traces unfinite binding energies. It is essential to ensure that the voltages determining the different electron energies are all stable over the long term and free of ripples. Commercially available power supplies generally have at best longterm stabilities of about 50 ppm, which corresponds to 1 V at 20 kV. It should be noted, however, that new high voltage commercial supplies have become available with stated stabilities of 2.5 ppm. Asymmetric kinematics simplifies the problem considerably because E | E and E is quite low. This to change the azimuthal angles u by up to 618 [9] . the feedback V 1V is constant within 100 main main
The high-voltage layout for this spectrometer is mV. Further, all of the electronics floating at 625 similar to that used by Ritter [21] and is shown keV is battery powered to eliminate AC ripple, which schematically in Fig. 5 . One advantage of this system can arise from the use of isolation transformers. The is that the analysers and detectors are close to ground batteries need recharging after about 6 days. potential, facilitating coupling of the detector signals
The momentum resolution of an EMS spectrometo the electronics, and allowing the use of separate ter is controlled largely by the angular resolution of high quality, relatively low-voltage supplies for the the incident and emitted electron beams. For multianalysers. The arrangement also helps in meeting the parameter detectors, where a range of emitted enerpower supply stability requirements. For the main gies is detected simultaneously, the contribution of 625 keV high voltage supplies it is only necessary to the energy spread to the momentum spread may be term drift compensation is achieved by measuring detected electron is recorded online in the multithe midpoint potential of an accurate and highly parameter data acquisition systems of Storer et al. [7] stable temperature controlled divider chain that and Vos et al. [9] , the momentum conservation Eq. connects the output of both power supplies. The (2) can be accurately calculated for each event in the maximum is much less than this, leading to very small uncertainties in the x and z components of It is interesting to compare the performance of momentum.
both spectrometers with typical target specimens. By Calibration of the angular and energy sensitivity of tuning the incident energy to the energy of the each analyser is carried out using a set of apertures analysers one obtains single electron scattering specof well defined diameter at known azimuthal angles tra for elastic and inelastic scattering. Fig. 7 shows and taking elastic scattering measurements with a the results for the Flinders spectrometer using an thin ( | 5 nm thick) amorphous carbon target foil, amorphous carbon sample 10 nm in thickness. changing the energy by well defined steps. Fig. 6 Whereas inelastic processes are quite small at 18.8 shows a typical energy sweep for 25 keV electrons keV (and even smaller at 25 and 50 keV) relative to across the channel plates and two-dimensional the elastically scattered peak, they are very large at position-sensitive detector mounted at the exit of one 1.2 keV. In the 18.8 keV data the excitation of single p and s plasmons, at energy losses of around 6 eV the ANU spectrometer result in much reduced muland 23 eV, respectively, dominates the inelastic tiple-scattering and essentially no coincident backspectrum. Although the p plasmon peak is clearly ground at the core binding energy. This can be seen visible at 1.2 keV, the inelastic spectrum is dominated in Fig. 8 which compares the core binding energy by multiple plasmon creation. The short inelastic spectra obtained with both spectrometers. mean-free path for 1.2 keV electrons is responsible Fig. 9 shows the spectral-momentum density for the surface sensitivity of the Flinders spectromeobtained from similar samples of highly-oriented ter.
pyrolitic graphite (HOPG) with the Flinders and Clearly inelastically scattered electrons will lead to ANU spectrometers. Here q 5 q 5 0 and the in- The difference between HOPG and single crystal of carbon at e . 288 eV. This coincidence backnatural graphite is that the order perpendicular to the 1s ground with a carbon target was studied in detail by c-axis (i.e. in the graphite plane) is lost in HOPG. Vos et al. [17] for the Flinders spectrometer. They
The randomly oriented crystallites are of appreciable found a continuous background due to multiple size, so essentially all atoms are still in a perfect scattering events, which decreased with binding crystal environment. The sample was mounted to energy but was still quite significant at the core align the c-axis with the z-direction, ie. the graphite binding energy. The much higher energies used in planes were perpendicular to the incident direction. The p band has a node in the x 2 y plane, so the density of p electrons should be zero in the q 5 0 z plane. Indeed the observed p-electron density is very small in Fig. 9 , some small p intensity being expected due to the finite momentum resolution and elastic scattering.
The dominant feature is the dispersive s band. mediate directions in the graphite plane. The width of the band, particularly near the bottom, i.e. G point, is significantly large than the experimental energy resolution. This width is due to electron correlation effects and the resulting short quasiparticle lifetime. A significant fraction of the observed intensity below the s band is due to electron correlations, i.e. satellite structure. Multiple-scattering effects due to plasmon excitation and elastic scattering are present. They are significantly smaller in the higher energy data (right panel) than in the earlier measurements with the asymmetric spectrometer [23, 24] . The significance of multiple scattering can be more clearly displayed by taking cuts in Fig. 9 along either the momentum or energy axes. Fig. 10 plots the observed binding energy spectra at q 5 0 ( 2 0.1 # q # 0.1) for the two different spectromey ters, normalised to the same peak maximum for the s band. Although some of the structures above the s-peak at 25 eV below the vacuum level is real structure and due to many-body effects, contributions due to plasmon excitation can clearly be seen. They smeared out background to the 'real' spectral momentum density. Collision (e,2e) events at (e,q) off the q -axis can be projected to a point q on that y y axis by elastic scattering with o Dk 5 q 2 q (Eq. j j y 11). The most obvious effect on the data is to fill in the region between the dispersing arms of the s band. This can be seen in Fig. 10 as extra intensity at binding energies smaller than those corresponding to the s peak. Some of this extra intensity arises from electrons in the p band. Elastic scattering contributions can also be seen in Fig. 11 , which shows a cut in the intensity distribution at a constant binding energy of 13 eV as a function of p . The extra intensity between the two s y band peaks and beyond them is due to elastic scattering contributions to multiple scattering. Again these effects are significantly reduced by using higher energies. The valence band (energy integrated) momentum densities obtained with the two spectrometers for similar annealed polycrystalline carbon specimens is compared with LMTO calculated densities [25] in Fig. 13 . The Flinders data [25] (open circles) show enhanced high-momentum components due to multiple scattering. With the ANU high-energy spectrometer the effects of multiple scattering are much reduced.
Finally it is interesting to look at the observed count rates for targets of different thickness with both spectrometers. At Flinders the coincidence count rate is strongly dependent on target thickness. It is maximum for the thinnest target measured (¯50 A about 6 Hz at 50 nA beam current) and decreases strongly with thickness to about 0.2 Hz at 200 A. Without multiple scattering the coincidence rate would increase linearly with thickness. The strong decrease is thus another indication of the thickness range (1 Hz at 1.5 mA beam current), Fig. 13 . The valence momentum density (energy integrated to the bottom of the s band) for similar annealed polycrystalline carbon sampleso btained with the ANU spectrometer (solid diamonds) with a 35 A thick sample and the Flinders spectrometer (open circles) with a 60 A thick sample [25] . The solid curve is the momentum density given by a LMTO calculation [25] .
indicating that the increase in thickness is largely studying samples which can be evaporated on the compensated by an increase in multiple scattering.
exit side of a very thin carbon foil. Work along these lines is continuing at Flinders [26, 27] . The new high-energy symmetric spectrometer at ANU on the other hand is more bulk sensitive and has the 7. Summary advantage of having much reduced multiple scattering effects. This is particularly important in deThe two multiparameter non-coplanar transmission termining structure due to electron correlation efspectrometers at Flinders University and ANU are fects. able to obtain data with good momentum and energy resolution on details of the electronic structure of occupied bands in crystalline, polycrystalline and References amorphous specimens. The asymmetric Flinders spectrometer is sensitive to only about 2-3 nm of the This has advantages in studying surface effects or in 
